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Abstract
We report the first detection of the second-forbidden, non-unique, 2+ → 0+, ground-state transition in the β decay
of 20F. A low-energy, mass-separated 20F beam produced at the IGISOL facility in Jyväskylä, Finland, was implanted
in a thin carbon foil and the β spectrum measured using a magnetic transporter and a plastic-scintillator detector. The
branching ratio inferred from the observed β yield is [1.10± 0.21(stat)± 0.17(sys)+0.00
−0.11(theo)] × 10
−5 corresponding to
log ft = 10.47(11), making this the strongest known second-forbidden, non-unique transition. The experimental result
is supported by shell-model calculations and has important astrophysical implications.
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1. Introduction
Second-forbidden, non-unique β transitions (∆J = 2,
∆pi = no) typically have very small branching ratios mak-
ing experimental detection rather challenging. Only around
27 such transitions have been observed [1]. Measurements
of the rates and shapes of forbidden β transitions provide
insights into nuclear structure and sometimes also into as-
trophysical processes. Recent studies have highlighted the
importance of the second-forbidden, non-unique, electron-
capture transition from the 0+ ground state of 20Ne to the
2+ ground state of 20F for the final evolution of Super-
AGB stars [2, 3, 4]. The strength of the transition is, how-
ever, not well constrained, neither experimentally nor the-
oretically, making an experimental determination highly
desirable. The strength may be determined from the branch-
ing ratio of the inverse 2+ → 0+ transition in the β decay
of 20F (Fig. 1), but this transition is not easily detected
as it is masked by the much faster, allowed, 2+ → 2+
transition to the first-excited state in 20Ne. Indeed, previ-
ous attempts to detect the 2+ → 0+ transition have been
unsuccessful [7, 8, 9, 10] yielding a rough upper limit of
∼ 10−5 on the branching ratio [10]. The β-decay end-
point energies for the ground-state and first-excited state
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transitions are 7.025 MeV and 5.391 MeV, respectively [5],
leaving a rather narrow energy window for the detection
of the ground-state transition.1 In this Letter, we report
1The endpoint energies are known to sub-keV precision [5, 11].
t1/2 = 11.163(8) s
β
1 .1 (3 ) × 10−5
0 .999907
8 .2 (6 ) × 10−5
< 1 .5 × 10
−6
< 7 × 10
−7
20
10Ne
0.0 0+
1.634 2+
4.967 2−
5.621 3−
5.788 1−
20
9 F
7.025 2+
Figure 1: 20F β-decay scheme [5, 6] including the newly observed
ground-state transition. The bold arrow indicates the γ-ray transi-
tion used for absolute normalisation. Energies are in MeV relative
to the 20Ne ground state.
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the first successful measurement of the second-forbidden,
non-unique, 2+ → 0+ transition in the β decay of 20F
and present the results of shell-model calculations which
provide additional support for our result. The astrophysi-
cal implications for the evolution of Super-AGB stars are
dealt with elsewhere [12].
2. Experimental setup
In the following, we briefly describe the experimen-
tal setup and procedures; a detailed account will be pub-
lished separately [13]. The experiment was performed at
the IGISOL-4 facility of the JYFL Accelerator Laboratory
in Jyväskylä, Finland [14]. Radioactive ions of 12B+ and
20F+ were produced via (d, p) reactions on targets of B
and BaF2 at energies of 9 MeV and 6 MeV, respectively.
The ions were accelerated to 30 keV and separated based
on their mass-to-charge ratio, before being guided to the
experimental station where they were stopped in a thin
(50 µg/cm2) carbon foil. The β spectrum of 20F was the
primary interest of the experiment while the β spectrum
of 12B provided important calibration data.
The detection system, shown in Fig. 2, consisted of
a Siegbahn-Slätis type intermediate-image magnetic elec-
tron transporter [15] combined with an energy-dispersive
detector. Such an arrangement is well suited for the mea-
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Figure 2: Schematic diagram of the setup. The 20F beam comes
in from the right and is stopped in the catcher foil. The 1.63-MeV
γ ray is detected in the LaBr3(Ce) detector (2) that sits behind 3.5
cm of plastic, while the electron follows a helical path to the focal
plane where it is detected in the plastic-scintillator detector (1).
surement of rare ground-state transitions in nuclear β de-
cays as the effective solid angle of the detector, and hence
the count rate, is greatly increased by the focussing action
of the magnetic field. Furthermore, and equally important,
the shield on the centre axis prevents γ rays and electrons
from the de-excitation of states populated in the β decay
from reaching the detector. This essentially eliminates βγ
summing and ββ pile-up as sources of background and
leads to an improved sensitivity towards the ground-state
transition.
The magnetic transporter was constructed at the De-
partment of Physics, University of Jyväskylä (JYFL) in
the 1980s [16], but has been fully refurbished for the present
experiment. The β detector has the shape of a cylinder
and consists of a 5-mm thick outer detector, used as a
veto against cosmic rays, and a 45 mm × 45 mm inner
detector, used to measure the full energy of the electrons.
The inner detector is further subdivided into a 5-mm thick
front detector and a 40-mm thick main detector to provide
additional discriminatory power. All three detectors (veto,
front and main) are plastic scintillators read out with sili-
con photomultipliers. The detector dimensions represent a
compromise between the requirement to fully stop a signif-
icant fraction of the most energetic electrons (the nominal
range of 7-MeV electrons in plastic is 35 mm) and the re-
quirement to minimize the cosmic-ray exposure. A small
LaBr3(Ce) crystal placed inside the shield on the centre
axis is used to detect the 1.63-MeV γ ray from the decay
of 20F, thereby providing absolute normalisation of the β
spectrum. Finally, a baffle placed at the centre of the
magnet prevents positrons, which spiral in the opposite
direction of electrons, from reaching the detector thereby
eliminating positron emitters as a potential source of back-
ground, while reducing the electron flux by only 11%.
3. Data analysis and results
By only allowing electrons within a relatively narrow
energy band to reach the detector, the magnetic trans-
porter effectively “carves out” a slice of the β spectrum.
This is clearly seen in Fig. 3 which shows energy spectra
measured at three different magnetic-field strengths. The
central energy selected by the magnetic transporter is ap-
proximately given by E˜β ≃ 7.72I˜ + 3.01I˜2 MeV, where
I˜ is the electrical current expressed as a fraction of the
maximum current provided by the power supply (700 A).
The spectra obtained at I˜ = 35.3% and 56.4% show a
central slice and the high-energy tail of the allowed β spec-
trum of 20F, respectively. The spectra obtained at 67.0%
and 79.0% show slices of the β spectrum of 12B which has
an end-point energy of 13.37 MeV. In all cases, the main
peak is well reproduced by the GEANT4 simulation. De-
viations occur in the low-energy tails, especially for the
spectra obtained at the higher current settings, but these
deviations are not important for the present analysis. The
20F spectra have been cleaned by requiring that no coinci-
dent signal is recorded in the veto detector (veto cut) and
that the energy deposited in the front detector is between
0.65–1.60 MeV (front cut). The 12B spectra have also been
subject to the veto cut, but the front cut could not be ap-
plied because the 12B measurements were performed with
an earlier version of the β detector, identical to the one
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Figure 3: Comparison of experimental and simulated energy spec-
tra obtained at 35.3%, 56.4% (20F), 67.7% and 79.0% (12B) of the
maximum electrical current. The 20F data have been subject to both
veto and front cut, while the 12B data have been subject only to the
veto cut.
described in Sec. 2 except that the inner detector is not
divided into a front and a main section.
The 20F and 12B data (only a subset of which is shown
in Fig. 3) and data obtained with a calibrated 207Bi source,
have been used to validate the absolute accuracy of the
GEANT4 simulations all the way up to E˜β = 8.0MeV. For
the raw data (i.e. before application of the veto and front
cuts) we find a good agreement between the experimen-
tal and simulated peak efficiency (the number of counts in
the full-energy peak normalized to the number of decays)
across the full energy range. However, the simulation tends
to over-estimate the peak efficiency for the cleaned data,
partly due to the presence of cross-talk between the inner
and the outer detectors, but also due to inaccuracies in
the modelling of the stopping process in the detector vol-
umes. The required correction is small for E˜β < 3.0 MeV,
but grows with increasing energy and amounts to a fac-
tor of 1.25(7) at 6.0 MeV. Additionally, we observe small
temporal variations in the peak efficiency throughout the
experiment. These variations occur in response to slight
changes in beam optics which affect the source geometry,
and amount to a 13% spread in peak efficiency which we
include as a systematic uncertainty on the final result.
Long-duration measurements were performed at the
current settings I˜ = 67.7% (67 h) and 70.5% (38 h) to
search for a signal in the energy region 5.4–7.0 MeV, and
at 79.0% (37 h) to demonstrate that any signal detected at
the two lower settings did not persist above 7.0 MeV. The
average 20F implantation rate for these measurements was
11 kHz, while the γ and β count rates were at most a few
tens of Hz and a few Hz, respectively, implying negligible
dead time. Additionally, background data were collected
at 67.7% and 70.5% (183 h). The γ and β spectra ob-
tained at 67.7% are shown in Fig. 4 and 5, respectively.
In the γ-ray spectrum we clearly see the well-resolved 1.63-
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Figure 4: 20F γ-ray spectrum (solid, black line) and background
γ-ray spectrum (short-dashed, green line) obtained in the LaBr3(Ce)
detector at 67.7% of the maximum electrical current. The character-
istic 1.63-MeV line of 20F sits between the 1.46-MeV background line
due to 40K and the peaks at 1.8–2.6 MeV due to the internal activity
of the LaBr crystal. Cosmic-ray muons dominate above 3 MeV. The
inset shows a zoom-in on the 1.63-MeV line and the line-shape fit
(long-dashed, red line).
MeV line from the decay of 20F which is used for absolute
normalisation. The cosmic-ray background dominates the
raw β spectrum above 5.4 MeV while electrons from the
allowed 2+ → 2+ transition produce the bump centered at
5.0 MeV and the continuum below it. In the signal region
the cosmic-ray background is reduced by a factor of 100
by the veto cut. The front cut removes another factor of
3.5 resulting in an overall reduction factor of 350. On the
other hand, about 2/3 of the β particles survive the cuts, a
fraction which would have been even larger in the absence
of cross-talk between the inner and outer detectors.
Fig. 6 shows a zoom-in on the cleaned spectrum in
the region of interest. The spectra obtained at 67.7% and
70.5% reveal a clear excess of counts in the signal region
when compared to the background spectrum. For exam-
ple, the spectrum at 67.7% has 55±7 counts between 5.8–
6.8 MeV while the background spectrum, downscaled to
account for the longer measurement time, only has 30± 3
counts in the same region. Equally important, no excess of
counts is observed above the signal region in the data ob-
tained at 79.0%. Based on the measurements performed at
lower current settings (Fig. 5) we can exclude βγ summing
and ββ pile-up as possible explanations. Furthermore, an
analysis of the temporal distribution of the counts between
5.8–6.8 MeV reveals a clear correlation with the 20F im-
plantation rate, which varied by more than a factor of two
during the experiment, while the temporal distribution of
the counts above 7.0 MeV shows no such correlation. Thus,
the observed signal is consistent with being due to the
hitherto unobserved, second-forbidden, ground-state tran-
sition in the β decay of 20F.
To quantify this statement and obtain an accurate de-
termination of the branching ratio, we perform a likelihood
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Figure 5: β spectrum with cuts (gray) and without (yellow) ob-
tained in the inner plastic-scintillator detector at 67.7% of the max-
imum electrical current. The dashed box indicates the region used
for the likelihood fits shown in Fig. 6.
fit to the data between 5.0–8.0 MeV, in which we allow the
normalisations of the simulated energy spectra of the al-
lowed and forbidden transitions to vary freely while the
background is modelled by a simple exponential function
with two free parameters. While the normalisation of the
allowed transition is, in principle, fixed, in practice it is
necessary to allow the normalisation to vary because the
GEANT4 simulation becomes inaccurate in the low-energy
tail of the trasmission window. We also allow for a small
(< 50 keV) constant energy shift to account for inaccura-
cies in the energy calibration and for small variations in the
intrinsic detector resolution which is around 5% (FWHM).
Assuming an allowed shape for the forbidden transition, a
simultaneous fit to the four spectra shown in Fig. 6 yields a
branching ratio of 1.10(21)× 10−5 and a goodness of fit of
χ2/N = 133.9/112 = 1.20 corresponding to an acceptable
significance level of Pχ2>133.9 = 0.076. If, on the other
hand, we fix the branching ratio to zero, the goodness of
fit worsens to χ2/N = 171.8/113 = 1.52 corresponding to
a significance level of only Pχ2>171.8 = 0.0003, providing
clear evidence for a positive observation.
In Fig. 7 we show the dependence of the goodness of fit
on the assumed end-point energy of the forbidden transi-
tion. The best fit is clearly obtained by adopting an end-
point energy very close to the actual value of 7.025 MeV.
The 95% confidence interval is determined to be [6.74; 8.00]
making it highly unlikely that an unknown β−-unstable
beam contaminant should be the cause of the observed sig-
nal. This is in accordance with expectations as 20F is the
only β emitter with mass 20 produced by the 19F(d, p) re-
action at 6 MeV. Measurements performed on neighboring
masses and on mass 40 were used to rule out the possibility
that the signal was due to a β emitter with a mass differ-
ent from 20, transmitted to the setup through the tails of
the acceptance window of the dipole magnet, as either a
molecule or as a doubly-charged ion.
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Figure 6: Likelihood fits to the experimental data in the energy
region 5.0–8.0 MeV obtained with beam (a–c) and without (d), at
current settings focused on the region of interest (67.7% and 70.5%)
and immediately above it (79.0%). The contribution of the second-
forbidden, ground-state transition in the β decay of 20F is shown by
the thin, solid (blue) curve.
Taking into account the uncertainties related to the
normalisation of the β spectrum discussed above, our re-
sult for the branching ratio of the forbidden transition
is [1.10± 0.21(stat)± 0.17(sys)] × 10−5. Assuming an al-
lowed shape this translates into log ft = 10.47(11) [17],
where the statistical and systematical uncertainty have
been added in quadrature.
4. Theoretical calculations
In order to validate our experimental result, we have
performed shell-model calculations using two ab initio ap-
proaches known as the in-medium similarity renormaliza-
tion group (IM-SRG) [18] and the coupled-cluster effective
interaction (CCEI) [19]. For comparison, we have also used
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Figure 7: Dependence of the goodness of fit on the assumed end-
point energy of the forbidden transition. The 5% and 1% significance
levels are shown by the dashed horizontal lines. The actual end-point
energy of 7.025 MeV is indicated by the star.
the phenomenological USDB interaction [20]. The calcu-
lations were done with the code NUSHELLX [21]. The
formalism used for the calculation of the forbidden, non-
unique β-decay transitions is that of Ref. [22]. Details on
the implementation of the formalism, including the use of
the next-to-leading-order nuclear-matrix elements, can be
found in Ref. [23].
To check the accuracy of the wave functions, we first
calculate the electromagnetic properties of 20F and 20Ne
and compare to experimental data. As seen in Tables 1
and 2, all three interactions do a fairly good job at repro-
ducing both the magnetic dipole moments and the electric
quadrupole moments. The accuracy of the wave functions
Table 1: Comparison of experimental [24, 25] and theoretical [26]
magnetic dipole moments in units of µN.
Nucleus Level µexp
µtheo
IM-SRG CCEI USDB
20F 2+1 2.09335(9) 2.171 2.183 2.092
20Ne 2+1 1.08(8) 1.036 1.037 1.020
4+1 1.5(3) 2.086 2.095 2.052
Table 2: Comparison of experimental [27, 28] and theoretical [26]
quadropole moments in units of eb.
Nucleus Level Qexp
Qtheo
IM-SRG CCEI USDB
20F 2+1 0.0547(18) 0.0677 0.0729 0.0679
20Ne 2+1 −0.23(3) −0.1573 −0.1578 −0.1576
can also be tested by comparing the predicted half-life of
20F to the experimental value of 11.163(8) s [5]. For IM-
SRG and USDB, the experimental half-life is reproduced
using an effective axial-vector coupling constant of gA =
1.06, while gA = 1.12must be used for CCEI. This is in ac-
cordance with previous studies in the sd shell, which have
found that an effective gA value close to unity is needed to
reproduce the experimental half-lives [29, 30, 31].
Since our calculations predict several key observables
in 20F and 20Ne, we expect to obtain reasonably accu-
rate estimates also for the second-forbidden, non-unique
2+ → 0+ transition. Using the values for gA that give the
correct half-life for the allowed transition, the branching
ratio comes out as 5.3× 10−6 (USDB), 5.4× 10−6 (CCEI)
and 5.5×10−6 (IM-SRG). Thus, the three interactions give
almost identical predictions which, however, are a factor
of two below the experimental central value.
We have also calculated the partial half-life of the 2+ →
0+ transition in the β decay of 36Cl which was the only
second-forbidden, non-unique transition measured in the
sd shell prior to this work. For this case, the choice of
interaction has a large impact on the calculated strength,
resulting in partial half-lives ranging from (6–7) × 104 yr
(USDB) to ∼ 107 yr (CCEI), which may be compared to
the experimental half-life of 3.07(2) × 105 yr. The very
poor performance of the CCEI interaction in this case is
not surprising as the interaction has not been designed
for the mass region near A = 36. On the other hand,
the poor performance of the USDB interaction (a factor of
five deviation for 36Cl compared to a factor of two for 20F)
is unexpected and poses the question of how accurate we
may expect the calculations to be in other cases.
5. Discussion
The experimental branching ratio given in Sec. 3 was
obtained assuming that the 2+ → 0+ transition has an
allowed shape even though significant deviations from the
allowed shape can occur. An assumption about the shape
had to be made in order to convert the observed β yield
between 5.4–7.0 MeV to a total β yield, as the experimen-
tal data have very limited sensitivity towards the spectral
shape. To quantify the model dependency introduced by
this assumption, we have repeated our analysis using the
shapes predicted by our shell-model calculations and find
that the branching ratio is reduced by 10%, thus improving
the agreement with the theoretical predictions somewhat.
We include this as a theoretical uncertainty on our final
result.
With a log ft value of 10.5, the 2+ → 0+ transition
in the β decay of 20F is, to our knowledge, the strongest
second-forbidden, non-unique transition ever measured, as
the 27 previously known cases have log ft values ranging
from 10.6 to 14.2 [1].
Shell-model calculations are known to reproduce the
strengths of second-forbidden, unique transitions in the
sd shell within a factor of two or better [32, 33]. How-
ever, little appears to be known about the accuracy for
second-forbidden, non-unique transitions in the sd shell,
such as the 2+ → 0+ transition in the β decay of 20F,
although we should expect the accuracy to be worse or,
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at the best, comparable. The astrophysical importance of
the 2+ → 0+ transition was first pointed out by Ref. [2]
and a shell-model calculation based on the USDB interac-
tion was published soon after by the same team [34]. The
branching ratio was erroneously given as 1.3× 10−6 while
the result was in fact 1.3 × 10−5 using Wood-Saxon ra-
dial wave functions. Moreover, when Harmonic-Oscillator
wave functions were used, the value obtained was in agree-
ment with the value of 5.3 × 10−6 obtained in this Let-
ter. It would be of great interest to clarify the origin of
the factor of five discrepancy between theory and experi-
ment in the case of 36Cl (see Sec. 4), but this requires a
careful theoretical analysis which is beyond the scope of
this Letter and is left for future work. Notwithstanding
these issues, it is encouraging that the calculations give
correct order-of-magnitude estimates for two transitions
with markedly different strengths that span almost three
orders of magnitude (log ft = 10.5 in the case of 20F com-
pared to log ft = 13.3 in the case 36Cl).
6. Conclusion
The second-forbidden, non-unique, 2+ → 0+ ground-
state transition in the β decay of 20F has been observed
for the first time. The detection was made possible by the
development of a dedicated experimental setup consist-
ing of a Siegbahn-Slätis type intermediate-image magnetic
electron transporter combined with a plastic-scintillator
telescope. The branching ratio was determined to be[
1.10± 0.21(stat)± 0.17(sys)+0.00
−0.11(theo)
]
×10−5 ,(1)
in agreement with upper limits established in previous ex-
periments and implying log ft = 10.47(11), which makes
this the strongest second-forbidden, non-unique transition
ever measured. This remarkable result is supported by
shell-model calculations which yield correct order of mag-
nitude estimates not only for this transition, but also for
the much weaker 2+ → 0+ transition in the β decay of
36Cl (log ft = 13.3). The result has important astrophysi-
cal implications which are discussed elsewhere [12]. While
the inferred branching ratio was found to be fairly insen-
sitive to the assumed spectral shape, the impact on the
astrophysical electron-capture rate could be substantial (a
factor of 4–10 according to Ref. [2]), and hence future ex-
periments should aim to provide improved constraints on
the shape.
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